ABSTRACT
INTRODUCTION
Cardiovascular diseases are the first cause of death in the world according to the World Health Organization. The most frequent pathologies are myocardial infarction, stroke, and peripheral vascular diseases. The treatment of the underlying lesions (stenosis of coronary, carotid and other peripheral vessels) can be performed using surgical or endovascular techniques. The last option has rapidly developed over the last two decades. It relies on the use of catheters and guide wires to reach pathological lesions and deliver stents or balloons to treat them. Endovascular techniques are less invasive approaches than conventional surgeries, allowing early postoperative recovering, a decreased risk of complications and reduced operating times. Despite all these advantages, the success of a procedure often relies on the operator skills and experience. Patient challenging anatomy is the most frequent cause of difficulties or failure. Approximately one in eight patients have a renal artery take-off angle that is less than 50° [1] . In these patients, an approach via a femoral access site can be technically
The main advantages of extracorporeal systems are: reduced number of catheter exchanges, enhanced catheter stability and positional control, reduced contrast and fluoroscopy time, reduced requirements in manual skill and shorter learning curve [2] [3] .
The Magellan system has been studied on animal models and through clinical studies [4] [5] [6] [7] . Its advantages in terms of catheterization times, absolute number of movements of the catheter tip and number of wall hits have been demonstrated in-vitro [8] [9] [10] . But in a recent literature review on endovascular navigation systems [11] , the authors concluded that there were not enough proof of the superiority of such robotically driven catheters over classical techniques and that robotic systems should be reserved only in case of conventional techniques failures.
A meta-analysis [12] in 2013 on magnetically controlled systems reports decreased scopy times, a superior safety and efficiency during cardiac rhythm trouble ablation compared to conventional catheters. However, high cost, high volume, long set-up time and lack of haptic feedback have limited their use to expert centers only.
The concentric tubes approach is a third extracorporeal solution for robotizing the endoluminal surgery [13] . It aims at improving the motion control of catheters while reducing the overall size of the extracorporeal robotic system. This approach relies on a set of pre-shaped tubes translated and rotated into one-another by an external motorization unit. A proper combination of the tubes curvatures produces the desired motion at the catheter distal end. Application of concentric tubes to beating-heart intracardiac surgery has been investigated and in-vivo trials were performed [14] .
However, the size and complexity of the extra-corporal drive unit is still important.
Moreover, problems appear in controlling the distal tip due to complex transfer functions and stability issues [15] . Because the system is fully tele-operated, there is also a lake of force perception by the surgeon during the navigation process.
Active catheters with embedded actuators
For the aforementioned reasons, some authors have proposed the development of more ergonomic, low-cost and low-volume systems suited to easier daily usage. To this purpose, various solutions having the form of drivable active catheters with embedded micro-actuators were proposed in the literature.
Some of these solutions are based on electro-active polymers. Liu [16] imagined a micro-actuator based on an Ionic Conductive Polymer Film (ICPF) for controlling the bending of a tube. In [17] , the electrochemical actuation of a catheter coated with polypyrrol is studied. This kind of actuator is interesting for its shapability and small volume but can't deliver the sufficient forces necessary to resist external contact in the blood vessels. Moreover there are issues about their biocompatibility. Another microtechnological solution relies on the hydraulic actuation principle. For example Ikuta [18] produced a hydrodynamic active catheter driven by integrated micro valves. Ikeuchi [19] proposes a pressure driven micro-catheter, made by laser ablation in a thermo-plastic membrane, with a 300 µm diameter. These solutions are interesting for safety and biocompatibility but rely on very complex manufacturing and assembling processes.
SMA based active catheters
Shape Memory Alloys (SMA) were also widely investigated in the field of active catheterism for their biocompatibility and excellent density-to-power ratio [20] . The basic concept of SMA actuation for catheterism is depicted on Fig.2 . The bending motion is obtained by a mere electrical current i which induces a phase transformation in the SMA material through the Joule effect. Here, the SMA actuator can have the shape of a flat spring or a coil spring or a wire. Besides, more than one SMA actuator are often integrated at the tip of the catheter in order to fully control its bending in the 3-D space (see Fig.3 ). [21] Fig. 3 . Active catheter featured with three SMA actuators [21] 7 SMA actuators having the shape of flat springs have been used regarding the possibility to produce very small actuators [22] [23] [24] . In [23] for example, a 0.9-mm-diameter catheter has been realized this way. It integrates batch-fabricated small flat NiTi springs as actuators. The springs were obtained by photolithography and electrochemical etching. While kinematic performances with flat-spring SMA actuators are interesting (see Table 1 ), the fabrication process is always complex and thus poorly compatible with the low-cost criterion associated to single-use devices. shown in Table 1 . As we can see, in most cases coil-shaped SMA actuators result in high bending angles only at the expense of large radii of curvature. In [28] , a small radius of curvature is achieved by an active catheter featured with only one coil-shaped SMA actuator. However, the proposed device is not covered by any external sheath or tube which is mandatory for safety purpose.
In contrary, wire-shaped SMA actuators exhibit high stress capabilities. They were thus often exploited in the design of active catheters. Their kinematic performances are shown in the last part of Table 1 . Fukuda [29] and Takizawa [30] have developed catheters actuated by three SMA wires as depicted in Figure 3 . These devices however bend with quite large radii of curvature. In [31] , a similar device has been applied to peroral pancreatoscopy in pigs. It performs well in terms of curvature and bending angle but has a quite important outer diameter. In [21] , the proposed catheter is quite thin and exhibits a small radius of curvature but has never been covered with any outer sheath and thus could not be tested in-vivo.
Aim of the paper
Our purpose is to develop a dexterous actuated catheter presenting low-cost, easy to use and small size properties. Consistently with the above state of the art, we directed our work toward the design of an active catheter embedding its own actuators. The embedded micro-actuators will be SMA wires for their simplicity of integration and 9 kinematic performances. Moreover, only one SMA wire actuator will be embedded at a given bending section as the reachable radius of curvature seems to invariably decrease with the number of embedded actuators as illustrated on Fig.4 .
In case of only one actuator at the catheter tip, we assume that the device can be manually rotated like a conventional catheter in order to reach any bending direction in the 3D space. Lastly, the core structure and assembly process of our device will not involve any complex operation in order to: a-limit the production costs, b-achieve very small outer diameters. In this paper, we first define functional and technical specifications for our device. Then we present the structure we developed and the model we used in order to optimize the sizing. In a second part, obtained kinematics performances are exposed and results of in-vitro and in-vivo experiments are finally given.
MATERIAL AND METHODS

Anatomical considerations
For practical reasons but without loss of generality, we focus in this paper on the cannulation of the peripheral arteries, namely: the supra-aortic trunks (brachiocephalic trunk, left common carotid artery and left subclavian artery), the celiac trunk, the superior mesenteric artery, the renal arteries and the common iliac arteries. Anatomical dimensions for these arteries were obtained from the review of the specialized literature [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . They are listed in Tables 2 and 3 . 
Functional specifications
The functional specifications of our active bending device were derived from the above anatomical information. Our device is intended to be used in combination with a conventional 6F catheter (2mm internal diameter and 65cm length) which is the type of catheter generally used to navigate the above mentioned regions. This imposes to our device an outer diameter less than 2 mm and a total length greater than 65 cm.
We also relied on the existing material to specify the number of active bending sections.
The most current approach for conventional catheters (e.g. "Renal double Curve" probe, "Cobra" probe) but also for steerable systems (e.g. Magellan®, Medrobotics Flex System®) is to combine two sequential curvatures in the same plane and with the same sense of bending. Our device will thus be featured with two sequentially arranged active bending sections. The first one is called the proximal section and the second one is called the distal section. These active sections will be separated by a passive section with minimal length L sep = 10 mm. This minimal spacing is necessary for assembly and connection purposes and is consistent with the values encountered on several existing devices [49] .
In order to specify the lengths and the flexion angles of the two active sections we analyzed the way an operator should proceed to enter a lateral artery as illustrated on reason, the total bending angle of the distal section must be at least θ 2max = 90°. To perform this movement without risking contacting and stucking against the arterial wall around the ostium, the corresponding radius of curvature R 2min must be smaller than the diameter of the original artery. According to Table 3 , the smaller aorta diameter is 15 mm which leads to R 2min < 15mm.
The second step of the manoeuver is to activate the proximal flexion to have the catheter extremity penetrate into the ostium with an alignment corresponding to the axis of the targeted artery (see Fig. 5 -c). Taking into account that the maximal branch angulation reported in Table 4 is 155°, the maximal bending for the proximal flexion must be at least θ 1max = 65° in order to have :
Finally, in case of a very large original arteries, the operator has to cope with a large distance between the ostium and the opposite arterial wall (see Fig. 5 -d). In this case, he/she will bend the proximal section while the distal one is kept straight. The aim here is to maximize the span L s of the device to be able to point and penetrate the targeted ostium despite its remoteness. Considering a maximal aorta diameter D max = 40 mm (see Table 3 ), we have to satisfy L s > D max (see Fig. 5 -d), which is equivalent to:
where R 1min is the radius of curvature of the proximal section when it is completely bent and L 2tot stands for the total length of the distal active section.
The functional specifications of our device are summarized in Table 4 . 
Technical specifications
The general description of our active device is given on Fig. 6 for a system comprised of two different active sections. All the mathematical symbols used in the following are listed in the nomenclature at the end of this paper.
As we can see on 
In a given active section, the rigid part with length L rig is aimed at hosting the electrical connections as well as a portion of the associated SMA wire. Indeed, partly locating an SMA wire along a rigid section significantly improves its kinematic performances. In fact,
assuming that an SMA wire undergoes a contraction rate t max in the fully bended configuration (Fig. 7) , the radius of curvature of the bended part verifies:
where r is the radial distance between the bended structure neutral line and the SMA axis (see Fig. 7 ). Finally, (2) combined with (1) leads to:
From equation (4) it is obvious that including a rigid part with length L rig makes the radius of curvature smaller. We take advantage of this property throughout the development of our device.
Core structure
The core structure of an SMA-based active catheter is intended to host the SMA actuators as well as to produce an elastic restoring force to make the device naturally return to its straight configuration after activation. In our case, the core structure will be 1°) The longitudinal anchoring of an SMA wire has to be solid enough to resist the tensile forces generated during the flexion of the structure. In our case, we achieve this firm anchoring without any gluing or soldering but through the four different steps depicted on Fig.9 .
2°) An SMA wire has to be maintained close to the bended flexible part of the structure in order to avoid any arch-like configuration. In our case, this is achieved by ligating a given SMA wire close to its corresponding flexible part using a large pitch helix made of a simple electrically isolated cupper wires (Fig. 10) . This helix has a constant pitch of about 1 mm and doesn't need any peculiar fixation at its extremities.
Finally, to protect the active device we cover it by a common commercially available 6F catheter (Fig. 11) . 
The notations used in equ. (5) are illustrated on Fig. 12 and explained in the nomenclature that can be found at the end of this paper.
Regarding equ. (5), we can conclude that the maximum bending angle θ max can be increased through the achievement of several physical compromises:
 The first term on the right side of equ. (5) indicates that the influence of the SMA wire diameter d on θ max is twofold : on the one hand it has to be as large as possible to increase this term and, on the other hand, it has to be kept small enough to cope with the maximal outside diameter specified in Table 4 Table 5 . The simplicity of the structure of our active catheter allowed us to build and test more than 70 prototypes.
The mean time to build a complete prototype was about 2 hours. All the components of our active catheters were found among commercially available products. Lengths of the sections, radii of curvature and bending angles were graphically assessed for each prototype using images like Fig. 17 . The estimated measuring errors are Dθ = 1°, DL = 1 mm and DR = 2 mm. At the end of the process we selected the prototype with the best kinematic performances and whose characteristics best match the functional specifications of Table 4 . The best prototype characteristics are given in Table 5 and are further discussed in the results section.
Besides to this dimensional optimization, we also investigated the validity of the theoretical model (5) . For a randomized sample of 13 prototypes, we compared the experimental and theoretical values of the bending angles θ max for both the proximal and the distal active sections.
Experimental validation
Our final prototype with its control interface were tested in-vitro and in-vivo. For the invitro experiments, we used a silicon-based, transparent, anthropomorphic phantom ( Fig. 13) representing the thoracic and the abdominal aorta with their main branches (Elastrat Sarl, Geneva, Switzerland). A blood-mimicking mixture of water and glycerol (60%/40%) was circulated in the model with a pump. We tried out the cannulation of the contralateral common iliac artery, of both renal arteries (with different angles: 90°, 120° and 150°), and of all the supra-aortic trunks by a right femoral approach. Success or failure to cannulate was recorded for each artery. 
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In-vivo experiments were carried out on a 23 kg pig under general anaesthesia and fluoroscopic guidance in the operating room of the Ecole de Chirurgie (UPMC, Paris, France). Through a right femoral approach, we tested the cannulation of the supraaortic trunks, of both renal arteries and of the celiac trunk. We systematically performed an angiographic control after each cannulation in order to look for an embolism or a perforation. 
Control architecture
The SMA actuators are activated in an open-loop manner relying on the transfer function between the supplied currents i in a SMA actuator and the resulting bending of the activated section of the catheter (Fig. 14) . At a higher level of control, the operator is adjusting the catheter configuration through a visual feedback featured by a X-ray imaging system. As we can see on The power amplification is achieved using a 4x4 Driver Shield (Logos Electromechanical, Seattle, WA). We found that a minimal PWM period of 20 ms was necessary to avoid vibrations of the active device. We chose a pedal board as human-machine interface (Fig. 16 ). This kind of interface let the operator handle the catheter and the guidewire with his/her hands as usual.
RESULTS
Dimensioning of the active catheter
Our final prototype is depicted on Fig.17 . The external catheter is an Envoy 6F catheter Table 6 presents the functional characteristics of our best prototype compared to the initial specifications. Length, diameters and bending angles satisfy the initial specifications. Only the bending radius of the distal section doesn't exactly comply with the corresponding required value. This may lead to unexpected contacts between the device tip and the arterial wall especially when pointing to a lateral ostium located in a small diameter section of the abdominal aorta (e.g. : the renal arteries or the celiac trunk as can be seen in Table 2 ). However, given the relatively small difference between the desired and actual radii of curvature, the selected prototype appears to be acceptable regarding its global kinematic performances. On Fig. 18 , we represented the evolution of the maximal bending angle of the distal section of a prototype having the dimensions specified in Table 5 . We can see that the performances are stable until 280 cycles which is enough to perform an even complex surgical procedure. During this experiment, we used an activation current of 2A and the device, surrounded by an Envoy 6F catheter, was immersed in a 37°C water-bath. The catheter external temperature showed no significant change during this test.
Finally, of the 70 tested prototypes 13 were randomly selected in order to evaluate the relevance of the theoretical model (equ. (5)) in terms of θ max prediction. In equ. (5), the catheter Young modulus was fixed to E c = 1.9 GPa according to the values that can be found in the literature [38] and to the composition of the Envoy 6F catheter we used :
nylon ( Young's modulus E = 2 GPa), polyurethane (E = 1,5 GPa), stainless steel (E = 220
GPa) in minority, PTFE (E = 0,5 GPa). Fig. 19 represents the relative errors between the experimental and theoretical values of θ max .
Experimental validation
The experimental validation was performed on the silicon model described earlier. the contralateral common iliac artery failed and didn't allow the catheter tip to enter into the ostium of the considered artery. The total span of the prototype when bended at its maximal capabilities was too important. The main reason for that is a slight unexpected bending of the supposed rigid part of the distal active section. Throughout our in-vivo experiments on a 23-kg pig (Fig. 20) , all the cannulations were successful: both renal arteries, the celiac trunk, all the supra-aortic trunks (common trunk for the right subclavian artery and both common carotid arteries). The angle between the aorta and the celiac trunk was 45° and the angles between renal arteries and the aorta were 80° and 90°. The pig however was too small to cannulate the contralateral iliac. On the other hand, because of the small size of the arteries, this experiment allowed us to evaluate the feasibility and safety of navigation in a difficult anatomy. Security was evaluated after each cannulation. All the arteriographies showed 27 integrity of the arterial wall (neither perforation nor dissection) -no emboli or thrombosis were visualized. Some post-cannulation arteriographies and successful catheterizations are presented in Fig. 21 . Five copies of the active catheter sized according to the results reported in Table 5 were used during this experiment. We didn't find any evidence of thrombosis inside any of these catheters. Each prototype has been used for a mean duration of 30 minutes, with a mean time of activation of 20 minutes.
Fig. 20. Experimental set up for in vivo validation
DISCUSSION
Active catheters based on the SMA wire actuation principle have many advantages over cable-driven catheters in terms of miniaturization, accuracy of movement and number of controllable degrees of freedom. We determined the functional specifications of our device based upon a quantitative analysis of anatomical data and a simple qualitative kinematic reasoning. The specifications we found are close to the dimensions of the Magellan robot which is the only clinically-in-use robot for peripheral arteries. The active catheter we developed has a very simple and low-cost mechatronical structure.
Only 2 hours are needed to build a complete prototype.
In terms of dimensions and kinematic performances, our final device compares favorably to the active catheters of the literature presented in Table 1 . Compared to the device presented in [31] , which appears to be the best existing prototype among those in Table 1 that are equipped with an external protective sheath, our final device shows a quite similar radius of curvature for an equivalent external diameter and with a significantly higher maximal bending angle.
We performed in-vitro and in-vivo experiments to validate the robustness and safety of our active catheters. We were able to cannulate several bifurcations up to 150° in a silicon-based model but failed to pass the aortic bifurcation because our device had a animal, we were able to navigate through the peripheral arteries without causing any damage to the vessels (Fig. 21 ). Note that a glucose flush between the active structure and the external catheter was maintained during the experiment in order to limit temperature elevation. On a pig having a narrow aorta, we successfully cannulated the supra-aortic trunks, the celiac trunk and both renal arteries. We faced some difficulties in performing the cross-over (go into the contralateral iliac artery). These difficulties are probably due to an unexpected bending of the supposed rigid parts during activation of the catheter.
In comparison, Clogenson [50] could reach the contralateral iliac bifurcation, the left renal artery, the left subclavian artery and the brachiocephalic trunk on the Elastrat model with their multiselective MRI-guided catheter. But on the animal they only could cannulate the supraaortic trunks because the abdominal aorta was too narrow for their prototype. In another publication, the authors could successfully cannulate most of the small bifurcations with an angle inferior to 120°, but their deflectable guidewire was unable to cross bifurcations with large diameters [32] . Besides, only two studies to our knowledge have described the use of SMA-based catheters during in-vivo experiments.
Fukuda have evaluated an active catheter on a dog but no explicit results were given [29] . Mizuno tested its active catheters on 19 patients with good results but the field of application was the peroral pancreatoscopy and thus was completely different from ours [31] . In particular, thermal effects in hollow organs have less probability to appear than in blood.
In this paper, we also developed a mathematical model for predicting the bending angle and radius of curvature of our active catheters. We first used this model to state some general qualitative rules useful for the iterative dimensional optimization of our devices.
We then made a quantitative comparison between the actual and predicted bending angles for a sample of prototypes. It happens that the relative error is less than 20% for bending angles between 100° and 150° which is the interval of interest for our applications. Based on this model, a more formal and systematic dimensioning process can now be developed for serving future applications. For example, the theoretical variations of θ max with respect to r (Fig.22) can be used to adjust the diameter of the loose ligatures and maximize the range of bending of our devices. 
CONCLUSION
Endovascular treatment of arterial pathologies using conventional material is time consuming and faces major difficulties in its access phase due to anatomical constraints.
In this paper we propose a new kind of SMA-based active catheter to facilitate the endovascular navigation. The new SMA-based catheter we present has a core structure made of three thin metallic wires in triangle. Such a structure allows an easy anchoring of the SMA wires and a precise control of the bending curve. A 6F introductor can be used as an external protective sheath thanks to the limited overall diameter of our core structure which is less than 2mm.
The technical specifications of our device were identified relying on the specialized literature. A trial-error campaign comparing about 70 different prototypes was conducted to determine the best dimensions of the core structure and of the SMA actuators with respect to the imposed specifications. A second major contribution of this paper is the derivation of a reliable mathematical model for predicting the kinematic behavior of such an active catheter.
In-vitro experiments in realistic conditions proved the validity of the concept for most of the peripheral arteries and for different bifurcation angles. Several prototypes were also extensively tested in-vivo on a 23 kg pig. We succeeded in the cannulation of numerous peripheral arteries without damaging any of the arterial walls or provoking any emboli or thrombosis. To our knowledge, this is the first time an SMA-based active catheter successfully performs the cannulation of several peripheral arteries in a real operating environment.
Our next study aims at evaluating the relevancy of our active catheters in a more statistical manner. We intend to conduct a quantitative campaign to assess the benefit of our active catheters in difficult contexts such as the catheterism of stenosed arteries and the crossing of tight bifurcation angles. This campaign will be conducted on anatomical phantoms and will involve experienced surgeons as well as young fellows. In a future work we also want to extend our approach to other endovascular technics such as interventional neuroradiology. The very simple structural composition of our device will be preserved and exploited to conduct a size scale reduction accounting for the tiny diameters of the brain vessels. To operate this scale reduction we will also rely on the theoretical model (5) validated in this paper. (30), we obtain the following expression for the radius of curvature of the bended structure:
COMPLIANCE WITH ETHICAL STANDARDS
As EI reflects in (A.4) the total rigidity of the bended structure, it can be expressed using The active device and its external covering catheter Table Caption List   Table 1 Performances of small dimeter active catheters using SMA actuators Table 2 Min and max diameters of the arteries of interest Table 3 Min and max bifurcation angles for the region of interest Table 4 Functional specifications Table 5 Tested values of the geometric parameters Table 6 Comparison between the initial functional specifications and the characteristics of the best prototype
